Cell wall components from Candida albicans were compared to intact cells for their ability to induce natural cytotoxic immunoeffectors in the peritoneal cavity of mice. A soluble mannoprotein extract (MP) and an insoluble glucan fraction (GG) strongly stimulated the generation of peritoneal effectors capable of lysing YAC-1 and P-8 15 tumour cell lines in vitro. The anti-YAC-1 effectors were characterized as natural killer (NK) lymphocytes while the anti-P-815 effectors appeared to be activated macrophages. The activity of each fraction was typically dose-dependent and both fractions differed from whole cells in the kinetics of induction of cytotoxicity. However, the NK and macrophage effectors generated by these materials had similar functional and phenotypic properties, irrespective of the material used as inducer. No mannoprotein was detected in the insoluble glucan fraction GG. Hence, the immunoenhancing activity of GG could not be attributed to the presence of some MP or MPlike component. Mannan-rich fractions with low (< 3 %) protein content (M) or extracted by hot alkaline reagent (M-alk) were inactive as NK and macrophage inducers. Thus, the cell wall of C. albicans contains at least two distinct macromolecular complexes which mediate the induction in murine peritoneal exudates of cytotoxic effectors active against tumour cell lines.
activity (Herberman & Ortaldo, 1981 ; Zang et al., 1986) . We have previously demonstrated that injection of chemically inactivated yeast cells of C . albicans into the peritoneal cavities of mice induced the appearance of an effector population with potent cytotoxicity against the YAC-1 tumour cell line. These effectors had the phenotypic characteristics of murine NK lymphocytes (Marconi et al., 1985) . In an attempt to correlate microbial structure to immunological activity, we have now investigated whether certain isolated cell wall components of C . albicans could mediate effector induction when injected into the peritoneal cavity of mice.
METHODS
Mice. Hybrid (Balb/c Cr x DBA/2 Cr) F1 (CD2F1 H-2d/H-2d) specific pathogen-free female mice were obtained from Charles River Breeding Laboratories. They were 8-9 weeks old at the start of each experiment.
Cundida albicans and ceff wall fractions. The strain of C. afbicans used throughout this study (strain BP) was isolated from clinical material. Cultivation, inactivation and lyophilization of the micro-organism were as described elsewhere (Mattia & Cassone, 1979; Marconi et af., 1985) . The lyophilized intact cells (1 mg of dry material, corresponding to approximately 5 x lo7 cells) were suspended in sterile 0.85% NaCl immediately before use: this material is referred to as CA.
Cell wall fractions were prepared from washed cell pellets before cell inactivation, essentially as described elsewhere (Cassone et af., 1981 ; Ausiello et af., 1986). Briefly, a mannoprotein extract was obtained by autoclaving washed yeast cells (140 "C, 2 h) and precipitating the supernatant in cold ethanol as described by Sutherland & Wilkinson (1 97 1). After deproteination with chloroform/butanol, the aqueous phase was extensively dialysed against HzO, then lyophilized. The lyophilized powder (about 35 pg from 1 mg of dry cells) was dissolved to a concentration of 10 mg ml-I, in Tris/HCl buffer (0.05 M, pH 7.5) containing 10 mM-MgCl,, and passed through a 5 ml column of Concanavalin A-Sepharose 4B (Sigma) washed and pre-equilibrated in the same buffer. More than 90% of the total carbohydrate-positive material was strongly retained by the gel. It was eluted with 0.5 M-methyl a-D-mannoside (1 5 ml, 2 h). The eluted material was precipitated in cold ethanol, washed and redissolved in water, then extensively dialysed against water and lyophilized. This material was referred to as MP (about 26 pg from 1 mg of dry cells). A mannoprotein extract obtained from Saccharomyces cereuisiae by a procedure identical to that reported above for the MP fraction from C. afbicans was used as a control in ELISA inhibition experiments (see below).
A low-protein mannan fraction (M) was prepared as described by Peat et af. (1961) . M-alk was a mannan-rich preparation obtained by hot alkali extraction of cell walls as reported by Sutherland & Wilkinson (1971) . Clean walls were prepared after cell breakage with 0.45 mm glass beads followed by extensive water washing, essentially as described by Cassone et af. (1979) with the addition of a final wash in 0.01 M-acetic acid at 4 "C to facilitate removal of cytoplasmic debris.
Finally, an insoluble glucan fraction in the form of glucan 'ghosts' (GG) was obtained from cell walls by cycles of acid and alkali extractions at 100 "C, as described by Cassone et a / . (1978, 1981) .
Each extract or fraction was subjected to a gelification test with limulus lysate to detect bacterial endotoxin. All tests were negative. Each material, at the desired concentration, was injected intraperitoneally in a final volume of 0.25 ml sterile saline. After each treatment (days 1, 3, 7 and 14), peritoneal exudate cells (PEC) were removed, counted and evaluated for morphology and staining characteristics in Giemsa and Wright's stained cytocentrifuge preparations.
Analytical determinations. Total protein was determined by the Folin method using bovine serum albumin as the standard. For the insoluble glucan fraction, the assay was done on the extract obtained by boiling the fraction in 1 M-NaOH (10 min, 100 "C). Total polysaccharide was determined by the phenol/sulphuric acid method according to Dubois et af. (1956) using glucose as the standard. Total phosphorus of mannan fractions was assayed by the method of Chen et af. (1956) . Sugar composition of fractions from C. afbicans was analysed by gas-liquid chromatography using a procedure essentially similar to that of Albersheim et af. (1967) . Chromatography was performed with a Carlo Erba Fractovap, model 2101 AC, equipped with a flame ionization detector. The alditol acetates were separated in a glass column (3 mm x 300 cm) containing 3% SP 2930 on Supelcoport 100-120 mesh column packing, at a temperature of 190 "C and under a nitrogen flow of 25 ml min-I. The instrument was equipped with a Hewlett-Packard (model 3380A) recorder/integrator. Internal standards were used to calculate the concentration of single monosaccharides from the peak area and retention time.
Enzyme-linked immunosorbent assay (ELZSA). Assays were done in polystyrene microtitration plates (Dynatech). Antigenic fractions (200 pl, 5 pg ml-' in 0.2 M-sodium carbonate buffer) were added to the wells, incubated overnight at 4 "C and subsequently rinsed (three times) with phosphate-buffered saline (PBS ; containing, per litre, 0.2 g KH2P0,, 2.9 g Na2HP0,. 12H20, 0-2 g KCl and 8 g NaCl; pH 7-4) containing Tween 20 (0-05%, v/v). Hyperimmune human serum (200 pl) (ELISA titre with MP as coating antigen 1 : 128000) from a candidosis-convalescent donor was added at the desired dilution in PBS, and the plates were incubated for 1 h at room temperature. After careful washings with Tween 20/PBS buffer, 200 pl of a 1 : 1000 dilution in PBS of goat antihuman IgG-alkaline phosphatase conjugate (Sigma) was added for I h and enzyme activity was detected by adding nitrophenyl phosphate reagent [p-nitrophenyl phosphate, 1 mg ml-' in diethanolamine buffer composed of diethanolamine, 9.7% (v/v); MgCI2, 10% (w/v), adjusted to pH 9.8 with 1 M-HCI]. The reaction was terminated by adding 40 pl 3 M-NaOH after 20 min.
ELISA-inhibition experiments were also performed with cell wall fractions. Each fraction was added, at suitable concentration, to the hyperimmune human serum and incubated overnight at room temperature. The mixtures were then added to antigen (MP)-coated wells and the immunosorbent assay performed as described above. The ELISA tests were read with a Titertek Multiscan set at 405 nm and blanked against air. Tests were done in triplicate and the A405 of the well without a C. albicans coating antigen (usually 0.14-0.12) was taken as the background reading. A positive test was one with at least twice the absorbance of the background reading. The degree of ELISA-inhibition by the cell wall fractions was calculated by the formula (Alas -A:os)/(Azos -A!os), where A105 was the reading of the wells containing the inhibitor, and ATos and A,Bos the readings of the wells without inhibitor or coating antigen, respectively. All readings were calculated as means ( f SD) of triplicate tests. The sensitivity of the inhibition assay involving MP both as coating and liquid-phase serum-ligand was in the range 1-2 ng ml-I. Cell fractionation procedures. The adherence and phagocytic properties of PEC effectors elicited by cell wall fractions from C. albicans were evaluated as previously reported (Marconi et al., 1985) . In particular, passage of effector cells over a nylon-fibre column was done as described by Julius et al. (1973) while phagocytic cells were removed from the effector population as reported by Landolfo et al. (1978) . Percoll-density gradients were prepared as described by Santoni et al. (1985) . Treatment with anti-Thyl.2 antiserum and complement. Monoclonal antibodies to Thyl.2 were purchased from New England Nuclear (lot LK 144). Effector cells (3 x 10') were preincubated with anti-Thy1.2 antiserum diluted I in 100 in complete RPMI 1640 medium for 30 min at room temperature, washed once in the same medium, suspended in a 1 in 4 dilution of rabbit complement (Cederlane Laboratories) and incubated for 45 min at 37 "C. The surviving cells were then washed twice and counted. In all experiments, a complement control was included in which the first incubation was in medium alone and the second incubation was with the complement. The efficiency of the anti-Thyl.2 serum in killing T cells was checked by an indirect immunofluorescence assay. PEC recovered after treatment with the anti-Thyl.2 serum (recovery in the range 47-52%) were treated with a 1 in 5 dilution of fluoresceinated anti-mouse immunoglobulin (Cappel, Cooper Biomedical) for 45 min at 4 "C. After three washes, cells were observed for the number of fluorescence-positive elements. As a further control, mouse thymocytes,'obtained by standard techniques, were subjected to a treatment with anti-Thy 1.2 serum identical to that described above for PEC and the percentage of Thyl.2-positive cells was determined by the immunofluorescent assay, as reported above.
Treatment with anti-asialo GMl serum and complement. Asialo G M 1 antiserum, previously shown to react selectively with mouse NK cells (Kasai et al., 1980) , was obtained from Wako Chemicals. PEC were treated with a 1 in 200 dilution of antiserum in RPMI 1640 medium for 30 min at room temperature, washed twice, suspended in a 1 in 4 dilution of rabbit complement and incubated for 1 h at 37 "C. Surviving cells were washed twice, counted and analysed for morphology and staining characteristics before testing their cytotoxic activity (see below).
In uitro cytotoxicity assay. (i) Preparation of efector cells. PEC were harvested by massaging the peritoneal cavity after injection of 5 ml cold complete RPMI 1640 medium containing 5 U heparin ml-l and aspirating the exudate with a syringe with a 26-gauge needle. Cells were centrifuged and washed three times in cold complete RPMI 1640 medium. Cells resuspended in complete RPMI 1640 medium were counted with a haemocytometer and their viability assessed by the dye (trypan blue 0.05%, w/v) exclusion method. All cells were kept on ice until use.
(ii) 51Cr release assay. The assay described by Marconi et al. (1983, 1985) was used. Different concentrations of effector cells were incubated with lo4 SICr-labelled tumour target cells (5 x lo6 cells labelled with 100pCi NazS1Cr04 for 45 min) for different times at 37 "C in U-shaped 96-well plastic microtitre plates (Greiner Labortechnik). The release time was 4 h from YAC-I target cells and 18 h from P-815 target cells. After incubation, the plates were centrifuged at 800g for 10 min and the radioactivity present in 0.1 ml of the supernatant was measured with a y-scintillation counter. All groups were tested in quadruplicate. The base-line 51Cr release value was determined by using an autologous control with equal numbers of unlabelled target cells in Statistical analysis. Differences in specific radiolabel released in the in uitro microtoxicity assays were determined by using Student's t test. Each experiment was repeated three to five times; the data reported are the means of quadruplicate samples. Standard errors (usually less than 1.5%) have been omitted.
RESULTS

Crude chemical composition and antigenicity of cell wall fractions
Cell wall fractions from C . albicans were analysed for their polysaccharide and protein composition. Table 1 shows that each fraction was predominantly or almost exclusively composed of polysaccharide. All the soluble extracts (MP, M, M-alk) contained mannan as principal, if not sole, carbohydrate whereas the insoluble GG fraction was practically pure glucan. With the exception of M-alk, glucose was always a minor constituent of the mannan extracts while ribose was detectable only in the MP fraction. Protein was also present in all the mannan fractions. In particular, the MP fraction had a markedly higher protein content than the M fraction. All mannan fractions were phosphorylated.
MP and M fractions worked with comparable efficiency as solid-phase (coating) antigens in indirect ELISA to detect anti-mannan antibodies in human serum. The three mannan fractions from C . albicans, but not mannan from S. cerevisiae, were also highly (and comparably) active as liquid-phase ligands as shown by the fact that they inhibited the ELISA assay with MP (or M) as solid-phase antigen and an anti-C. albicans hyperimmune human serum (haemagglutination titre 1 : 640) as antibody. The inhibition was nearly complete (> 90%) at a concentration of 50 ng ml-l of each fraction. In contrast, the insoluble glucan was inactive both as coating antigen and as inhibitor even when used in large excess (i.e. 300 ng ml-l) with respect to MP as coating antigen.
Efect of intraperitoneal injection of C . albicans and its cell wall fractions on cell number and composition of peritoneal exudate The intraperitoneal injection of microbial cells and their components, as for many nonspecific irritants or immunomodulators, provokes a strong inflammatory response, with fluid and cellular exudate. In the case of injection of C . albicans and its fractions, the peritoneal exudate showed the number and type of cells shown in Table 2 .
Whole yeast cells (CA) induced, 3 d after injection, the highest cellularity in the peritoneal exudate, which contained about three times more leucocytes than the exudate from untreated control mice. Fewer cells were obtained from mice given cell wall fractions (MP, M-alk, GG) whatever the day of harvesting. Although the composition of the exudate varied rather Immunomodulation by C. albicans cell wall Table 3 . Cytolytic anti-YAC-I activity of PEC from mice injected with extracts from C . albicans : a typical dose-response experiment
Whole cells (CA) and cell wall fractions were injected intraperitoneally into 8-week-old CD2F1 mice, at the indicated doses. After 3 and 7 d, PEC were harvested and used in a 4 h SICr release assay against YAC-1 target cells, at an effector : target ratio of 50 : 1. * A highly significant difference (P < 0-01) in the specific cytolysis by PEC from treated mice versus those from untreated controls.
Percentage specific cytotoxicity Dose
significantly, depending upon the injected material, 'granulated-cytoplasm' cells, i.e. large granular lymphocytes and macrophage-precursors were generally prevalent, most notably after the injection of whole cells (52%, on day 7) and MP (40%, on day 3). The M-alk fraction was the only material that elicited a relatively neutrophil-rich exudate (27%, on day 1); MP and GG produced a peritoneal exudate with a relative abundance of small lymphocytes (23%, on day 3 and 28.5% on day 7, respectively). Macrophages, usually the sole type of cell in normal peritoneal exudate, comprised only about 25% of the total PEC of mice injected with cell wall fractions.
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Time ( Separation of PEC in Percoll-density gradients confirmed that a large proportion of PEC harvested from mice injected with CA, or with MP or G G fractions, banded in low-density Percoll components which were, on morphological analysis, highly enriched in large granular lymphocytes (data not shown).
Eflect of inoculation of intact C . albicans cells (CA) and cell wall components on the anti-YAC-1
activity of PEC To study the effect of CA and its cell wall fractions on the generation of natural cytotoxic immunoeffectors in mice, we first tested the PEC harvested from mice given the various C. albicans materials for their capacity to lyse YAC-1 tumour cells in an in vitro short-term 51Cr release assay. Preliminary experiments served to determine the optimal dose of each material required to induce cytotoxic cells. As shown in Table 3 , CA, MP and G G induced cytotoxic cells highly effective in lysing YAC-1 cells in vitro, the optimum being detected after injection of 1 mg, 0.01 mg and 1 mg per mouse, respectively. Conversely, no or barely detectable anti-YAC-1 activity was induced in PEC from mice given M-alk or M fractions, whatever the injected dose.
The kinetics of induction of cytotoxic PEC differed for each active material. In particular, the highest cytotoxic activity of PEC from MP-treated mice was detected on day 3 after treatment whereas GG-treated animals showed the highest cytotoxic PEC on day 7 after injection. Interestingly, PEC from CA-injected mice had high lytic activity throughout the 3-7 d period after treatment. Fig. 1 shows the data from a typical experiment.
Functional and phenotypic characteristics of the anti-YAC-1 effectors generated by MP and GG fractions of C. albicans cells are shown in Table 4 . The effectors were non-adherent and non- f The percentage of Thyl.2-positive cells, which ranged from 35 to 42% of the PEC population before this treatment, was reduced to 2-3% afterwards. Thyl.2 positivity was measured by an indirect immunofluorescence assay as described in Methods. Mouse thymocytes were used as control in this assay: after treatment with Thyl.2 serum and complement, the percentage of Thyl.2-positive thymocytes dropped from 94.7 to 6.2.
$ After this treatment, the macrophage precursor and large granular lymphocyte (cells with azurophilic granules) components of the PEC population dropped from around 35% to less than 15% of the total cell population. In particular, large granular lymphocytes were almost totally eliminated by this treatment. 
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phagocytic and, similar to the anti-YAC-1 PEC induced by whole C. albicans cells (Marconi et al., 1985) , they were partially sensitive to anti-Thyl.2 serum and totally sensitive to anti-asialo GMl antibodies plus complement. These effectors were also unable to lyse the NK-resistant cell lines MBL-2 or EL-4 in a 4 h 'Cr release assay done at an effector : target ratio of 50 : 1 (data not shown).
Eflect of inoculation of intact C. albicans cells (CA) and cell wall components on the anti-P-815
activity of PEC An experimental protocol similar to that reported in the preceding section was adopted to determine whether PEC elicited by injection of C. albicans materials were also capable of lysing the P-815 cell line, a classical target of murine activated macrophages (Schreiber et a/., 1986) . This possibility was suggested by the observation (see Table 2 ) that the inoculation of C . albicans materials elicited PEC with high numbers of cells morphologically compatible with monocytemacrophage lineage. In these experiments, an 18 h 51Cr release assay was used, at different effwtor : target ratios. A roughly linear, time-dependent increase in anti-P-8 15 cytotoxic activity was detected in PEC following injection of CA (Fig. 2) . Significant lytic activity was also observed with PEC stimulated with GG. A lower anti-P-815 cytotoxicity was shown by MPinduced PEC (no activity was detected on day 14 in this case) and, again, no significant cytotoxicity was raised in PEC from mice injected with M-alk.
A limited characterization of the anti-P-8 15 peritoneal effectors induced by C . albicans materials was also attempted. These effectors were plastic-adherent, phagocytic and fully insensitive to treatment with the anti-Thyl.2 serum.
D I S C U S S I O N
In the search for separate fractions of C. albicans which could mediate the potent NKinducing activity of whole yeast cells, we prepared components enriched in the principal cell wall materials of this micro-organism. These components were tested for their ability to induce peritoneal cytotoxic immunoeffectors in mice. The experiments consistently demonstrated that two fractions (MP and GG) of C. albicans induced the generation/recruitment of murine cytotoxic effectors. The two fractions differed markedly in the kinetics of induction of peritoneal cytotoxic effectors. In general, the effect of GG (like that of whole C. albicans cells) was of longer duration and, at least for the anti-P-815 activity, more intense than that obtained with MP injection. However, the functional and phenotypic characteristics of the effectors generated by each fraction were similar to those induced by whole cells (Marconi et al., 1985) . The anti-YAC-1 effectors were non-adherent, non-phagocytic, partially sensitive to anti-Thy1.2 serum and totally sensitive to anti-asialo GMl antibodies, all properties which are typical of murine NK lymphocytes (Herberman & Ortaldo, 1981 ; Jimenez & Murphy, 1984) . Macrophage precursors which are indistinguishable morphologically or in staining properties from large granular lymphocytes could also lyse YAC-1 cells. However, they lack high-density asialo-GM 1 determinants and Thy antigen (Baccarini et a/., 1985) , and therefore are probably not responsible for the anti-YAC-1 activity reported here. On the other hand, the effectors which were capable of lysing in vitro a well-known NK-resistant target such as the P-8 15 mastocytoma cell line were found to be adherent, phagocytic and insensitive to the anti-Thy1.2 serum plus complement treatment. On this basis, activated macrophages are probably responsible for the anti-P-815 activity reported here. Both intact C. albicans cells and yeast glucan have already been reported to be strong macrophage activators both in vivo and in vitro (Kokoshis et a/., 1978; Weinberg & Hibbs, 1979; Reynolds eta/., 1980; Seljelid et al., 1981) and it is generally believed that the antitumour and/or the anti-infectious properties of yeast glucan are due to activated macrophages (Mansell et al., 1976; Reynolds eta/., 1980) . The experiments with glucan from C. albicans confirm previous observations but also suggest that N K effectors might additionally be involved in the protective effects of glucan.
Much of the work reported in this paper was aimed at detecting the active component(s), if any, of C . albicans cell wall which could mediate the potent NK-and macrophage-stimulating activity possessed by whole micro-organisms. Therefore, the chemical composition and antigenic properties of both the MP extract and GG fraction were critically considered. The MP extract contained mannose as predominant sugar together with glucose and ribose as minor sugar constituents. Protein was also present. MP reacted strongly with anti-C. albicans sera. The quantitative ELISA-inhibition reaction showed that MP did not significantly differ from a classical mannan preparation in binding to anti-mannan antibodies. Our MP extract therefore basically consists of a mannoprotein complex or mixture. Other non-polysaccharide, nonprotein materials are likely to be present as minor contaminants of the MP fraction, but protein plus polysaccharide constitutes about 98 % of the total weight of the fraction. As the MP extract exerts its optimum biological activity at a dose of only 10 pg per mouse, any unknown contaminant would be active at doses around 0.1 pg; that is possible, but unlikely. Preliminary experiments have demonstrated the presence of three to four distinct mannoprotein components in an MP complex separated by DEAE-Sephadex A50 gel chromatography. Whether each of these components or only one of them is the immunoactive material is currently under investigation.
The other two fractions of C. albicans (M and M-alk) which also contained mannan as predominant component, but which had either a low protein content (M) or alkali-degraded material (M-alk), were inactive in the induction of peritoneal cytotoxicity.
The immunoactive fraction GG obtained by recovery of the insoluble glucan fraction of the cell wall was almost exclusively composed of glucose and did not react with anti-mannan antibodies. Therefore, both the present experimental evidence and past studies (Cassone et al., 1978 (Cassone et al., , 1981 suggest that GG represents the insoluble P-glucan component of the C. albicans cell wall. Since the optimal induction of cytotoxic PEC by GG was seen when it was injected at a relatively high dose (1 mg per mouse), whereas the most effective dose of MP was 0.01 mg per mouse, the effect of GG might be due to the presence of a residual mannoprotein in this fraction. However, the two materials differed in the kinetics of cytotoxicity induction, and the procedure adopted to obtain the insoluble glucan ghosts (GG), involving cycles of hot alkali-acid extraction, is likely to extract/hydrolyse most if not all of the mannoprotein components. Moreover, the M-alk fraction, obtained through a single hot alkali treatment, was inactive, although containing both mannan and proteins. Finally, an ELISA inhibition assay capable of detecting 1-2 ng mannan ml-I did not reveal any trace of mannan in up to 300 ng of GG. Other non-mannoprotein contaminants could be present in this fraction, but it is unlikely that their biological activity was preserved after repeated vigorous hot alkali-acid treatments.
Thus, at least two of the cell wall constituents of C. albicans, i.e. the mannoprotein and the insoluble glucan, can stimulate in vivo generation of cytotoxic cells (either NK or macrophage effectors) in mice. The powerful activity of C. albicans as a biological response modifier may have important implications if we consider that the cytotoxic cells elicited by C . albicans constituents play important roles in the control of microbial pathogens and tumour growth. 
